We investigate the thermally activated magnetization switching in a classical Heisenberg spin chain driven by an external magnetic field. For small system sizes we expect that the magnetic moments rotate coherently, while in the case of larger system sizes the magnetization reversal is proposed to be due to soliton-antisoliton nucleation. We compare Monte Carlo simulations with the direct integration of the Landau-Lifshitz-Gilbert equation of motion with Langevin dynamics as well as with asymptotic solutions for the escape rates following from the Fokker-Planck equation, finding agreement for low temperatures and high damping. We also discuss deviations in the intermediate temperature regime.
Magnetic particles which are small enough to be single-domain are proposed to have good qualities for magnetic recording. The ultimate limit for the density of magnetic storage is given by that size of the particles where superparamagnetism sets in.
1 Therefore, the role of thermal activation for the magnetization reversal of single-domain particles is very actively studied at present analytically, 2,3,4,5,6,7 experimentally 7,8,9 and numerically. 10, 11, 12 In order to investigate thermal activation further, we study a chain of classical magnetic moments. This system can be considered as a model for thin ferromagnetic wires 3 which are also investigated in recent experiments.
9
Furthermore, this model is very useful as a test tool for numerical methods since it was also treated analytically. 3 Depending on the system size, given anisotropies and the strength of the magnetic field different reversal mechanisms may appear. For small system sizes the magnetic moments are expected to rotate coherently, 13 while for sufficiently large system sizes the so-called soliton-antisoliton nucleation is proposed.
3
In the following we consider a chain of magnetic moments of length L with periodical boundary conditions. Our system is defined by a classical Heisenberg Hamiltonian,
where the S i = µ i /µ s are three dimensional magnetic moments of unit length.
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The first sum which represents the exchange of the magnetic moments is over nearest neighbor interactions with the exchange coupling constant J. The second and third sum represent uniaxial anisotropies of the system where the first one favors the x-axis as easy axis (anisotropy constant d x > 0) and the other one the z-axis as hard axis of the system (d z > 0). The last sum is the coupling of the moments to an external magnetic field H. On the one hand we investigate our system using the Landau-LifshitzGilbert (LLG) equation of motion with Langevin dynamics. This equation has the form
with the gyromagnetic ratio γ = 1.76 × 10 11 (Ts) −1 and a damping constant α. The first part of Eq. 2 describes the spin precession while the second part includes the relaxation of the moments. In both parts of this equation the thermal noise ζ(t) represents thermal fluctuations. Eq. 2 is solved numerically using the Heun method.
12
On the other hand we simulate the system using Monte Carlo methods
14
with a heat-bath algorithm. We use a new Monte Carlo technique proposed recently 15 in order to obtain a quantified time step. The trial step of our algorithm is a random movement of a magnetic moment within a cone with a size that is chosen in such a way that one Monte Carlo step represents a certain time interval of the LLG equation in the high damping limit (for details see 15 ) . Throughout this work we will use α = 4, which -as we will show -is large enough so that our Monte Carlo simulation and the numerical solution of Eq. 2 yield identical time scales.
All our simulations, using the two different methods above, start with a configuration where all magnetic moments point into the x-direction, antiparallel to the external magnetic field H = −H xx . The time when the x-component of the magnetization changes its sign is the characteristic time τ which is the reciprocal of the escape rate λ which has been calculated in certain limits asymptotically from the Fokker-Planck equation (for details see 3, 4, 5 ). In the case of small chain lengths the magnetic moments rotate coherently while overcoming the energy barrier the Fokker-Planck equation 4 is for low temperatures T ∆E cr
with the prefactor
In Fig. 1 snapshots of such a reversal process are shown. Since the energy barrier ∆E cr for coherent rotation is proportional to L with increasing length of the chain a different reversal mechanism becomes energetically favorable. Fig. 2 shows snapshots during the reversal of a system with length L = 80 but with the same parameters as before. Due to thermal fluctuations a nucleus is originated and two domain walls pass the system. This is the so-called soliton-antisoliton nucleation proposed by Braun.
3 The corresponding energy barrier ∆E nu which has to be overcome during this nucleation process is
with R = arcosh( 1/h). The corresponding characteristic time follows once again a thermal activation law (see Eq. 4) but with a different prefactor which in the overdamped limit is given by
The eigenvalue E 0 (R) has been calculated numerically in. 5 In the limit h → 1 it is |E 0 (R)| ≈ 3R
2 . In the following, our numerical results for the characteristic times τ for soliton-antisoliton nucleation as well as for coherent rotation are compared with the equations above.
In Fig. 3 we show the temperature dependence of the characteristic time τ for two different system sizes where each data point is an average over 100 independent runs. Note, that since the Langevin dynamics simulations are much more time consuming, here we have only data for higher temperatures. As is evident from Fig. 3 , the data of the Monte Carlo simulations and the Langevin dynamics simulations agree in both cases, for coherent rotation as well as for soliton-antisoliton nucleation. This confirms that our Monte Carlo method indeed yields results with a realistic time scale. Also, in the limit of low temperatures our data confirm the asymptotic solutions above. the case of coherent rotation a very good agreement is already obtained for temperatures ∆E cr /k B T > 1. In the case of nucleation the asymptotic formula is confirmed only for very low temperatures ∆E nu /k B T > 8. In order to understand the deviations of our data from the asymptote in the intermediate temperature range we show here Fig. 4 where one can see several nuclei simultaneously. Obviously, depending on temperature (and also other quantities, like system size and field) with a certain probability many nuclei can grow at the same time. This is the so-called multidroplet nucleation which until now was investigated mainly in Ising models. 16, 11 Due to multidroplet nucleation the effective energy barrier is reduced leading to the deviations in the intermediate temperature regime.
To summerize, we presented numerical results on the characteristic switching time in a classical spin chain. The model exhibits different reversal mechanisms. The energy barriers and the characteristic times for coherent rotation and soliton-antisoliton nucleation which have been calculated asymptotically from the Fokker-Planck equation deviations from the asymptotic formula.
